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proximal tubular net fluid flux
A. ERIK G. PERSSON, BENGT AGERUP and JURGEN SCHNERMANN
Institute of Physiology and Medical Biophysics, University of Uppsala, Sweden,
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The effect of luminal application of colloids on rat proximal
tubular net flux. Experiments of the split-droplet type were per-
formed on rats to evaluate the effects of intratubularly applied
human serum albumin (HSA) and polyvinylpyrrolidone (PVP)
on reabsorptive net flux. Instillation of droplets containing HSA
or PYP in initial concentrations of 7 or 4 g/100 ml, respectively,
was associated with a progressive retardation of net fluid flux.
The control reabsorptive net flux in Ringer perfused tubules
was 471 x iO ni/mm2 sec SE 22.1. Reabsorption during
colloid perfusion decreased from an initial value of 333 x 1O
nl/mm2 sec SE 31 (HSA) and of 236 x 10 nI/mm2 sec SE
24.5 (PYP) to a steady state of zero net flux. Normal reab-
sorptive rates were observed in Ringer perfused tubular seg-
ments which had been previously exposed to a concentrated
albumin solution. Colloid concentrations during zero net flux
were 26 g/100± 0.49 (lISA) and 13.8 g/100 ml (PVP); sodium
concentrations in the stationary droplets were 157 mM/kg
H20± sa 1.75 (lISA) and 116 mM/kg H20± sa 1.34 (PVP).
Sodium activity as measured with glass electrodes was found to
be uninfluenced by the presence of albumin in concentrations up
to 25 g/100 ml. Failure of earlier investigations to observe a
significant inhibitory effect of colloids on net fluid outfiux
may be attributed to omission of the meniscus correction or to
contamination of the test fluid with tubular fluid which is shown
to be a common error unless excluded by specific procedures.
Since the correlation between coiloid osmotic pressure and net
flux is similar for HSA and PVP, these results are interpreted to
be indicative of a direct osmotic effect of colloids on transtubular
fluid flux.
Effet de l'application luminale de colloIdes sur le debit net de
reabsorption dans le tube proximal du rat. La technique de Ia
microperfusion stationnaire a dte utilisée chez Ic rat pour
évaluer les effets de l'albumine humaine (HSA) et de Ia poly-
vinylpyrrolidone (PVP), injectés dans la lumiére tubulaire, sur
le flux net de reabsorption. L'instillation de goutelettes contenant
de l'HSA ou de Ia PVP aux concentrations initiales de 7 g/100 ml
et 4 g/100 ml, respectivement, a été contemporaine d'un retard
progressif du flux net. Le flux net de reabsorption dans les
controles avec du Ringer était de 471 iO ni/mm2 sec 5E
22.1. La reabsorption durant Ia perfusion de colloides a décru
d'une valeur initiale de 333 io— ni/mm2 sec SE 31 (HSA)
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et 236 iO nl/mm2 sec SE 24.5 (PVP) a un était d'équilibre
de flux net nul. Des debits de reabsorption normaux ont été
observes dans des tubules préalablement exposés a une solution
concentréc d'albumine. Les concentrations de coiloides quand le
flux net était nul atteignaient 26 g/100 ml 0.49 (lISA) et
13.8 g/100 ml (PVP); les concentrations de sodium dans les
goutelettes stationnaires étaient 157 mM/kg H20 SE 1.75 (HSA)
et 116 mM/kg H20 5E 1.34 (PVP). L'activité du sodium mesurée
par l'électrode de verre n'était pas influencée par Ia presence d'al-
bumine jusqu'à des concentrations de 25 g/lOO ml. L'échec des
travaux antérieurs observer un effet inhibiteur significatif des
colloIdes sur le flux net peut étre attribué a l'absence de correc-
tion pour le ménisque ou a la contamination du liquide utilisé
par le liquide tubulaire, ce qui est une erreur fréquente, sauf
quand des procédés adéquats l'excluent. Du fait que Ia corré-
lation entre Ia pression colloido osmotique et le debit net est Ia
méme pour lISA et PVP ces résultats peuvent être interprétés
comme I'indice d'un effet osmotique direct des colloides sur le
debit transtubulaire.
Recently, evidence has accumulated which indicates that
peritubular hydrostatic and oncotic pressures can modulate
the rate of proximal tubular fluid reabsorption [3, 8, 16].
These results may first appear to confirm the classical
concept of Carl Ludwig which held that renal tubular
reabsorption is dependent upon passive physical forces [18].
However, this interpretation of the new experimental data is
obstructed by at least two older observations. First, the intra-
luminal application of proteins has not been found to exert
an inhibitory effect on net fluid outflux, at least to the ex-
pected extent [11, 14, 29]. Second, proximal tubular osmotic
water permeability has been found to be so low that the
oncotic pressure of the blood can account for no more than
about 5% of total fluid net flux [24, 27]. To unify these
seemingly discrepant results, most investigators have
assumed that certain alterations within the lateral inter-
cellular spaces are induced by altered fluid uptake into the
peritubular capillaries, and that they are responsible for
the change of net fluid flux. It has been suggested that
these alterations can only be elicited from the peritubular
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side so that the effect of protein on transtubular water
flow is non-symmetrical.
Since this hypothesis has not yet been supported by
experimental evidence, and since the basic experimental
findings which seem to exclude a direct colloid osmotic
effect on net fluid flow, or part of it, do not yet appear to be
beyond doubt, it seemed worthwhile to reinvestigate these
findings. The present paper describes results that were
obtained in an attempt to re-evaluate the effect of the
intraluminal application of coiloids on net fluid flow using
the split-drop technique. This particular micropuncture
technique has recently been critically evaluated [12, 20] and
consequent refinement and improvement may well lead
to data that are quantitatively quite different from older
results. It should also be realized that the earlier split-drop
data referred to above [11, 14] are rather equivocal. While
Giebisch et al [lii failed to detect an effect of administered
protein in the rat, a slight inhibition of reabsorption was
noted by Kashgarian et al [14] in the same species; in
Necturus proximal tubules, a clear reduction of net flux
was reported by Whittembury et al [29].
Our experiments indicate that the intraluminal applica-
tion of human serum albumin or polyvinyipyrrolidone is
associated with a significant retardation of net fluid out-
flux. In fact, at a luminal albumin concentration about four
times that of plasma, measurable net flux does not occur.
These results are consistent with the concept that differences
of colloid osmotic pressure may provide a direct driving
force for a certain fraction of total transtubular net fluid
flow.
Methods
The experiments were carried out on male albino rats
of the Sprague-Dawley and Wistar strains weighing 220 to
320 g. Anesthesia was induced by i. p. injection of mactin
(100 mg/kg body wt). During the experiment isotonic saline
was infused, at a rate of about one mi/hr. The arterial
blood pressure was continuously recorded. The body
temperature was kept constant with a servo-regulated
heating device. The left kidney was exposed through a flank
incision, dissected free, and placed into a lucite holder. The
ureter on the exposed side was cannulated to assure free
urine passage. The kidney was covered with paraffin oil at
38° C.
Split-oil-drop experiments were performed according to
the technique of Gertz [10], preferably in straight or only
slightly bent surface segments of the proximal convolution.
The direction of flow could be determined by gently
compressing the tubule with the double-barrelled pipette
and observing diameter changes on both sides of the
cannula. The oil used to block tubular flow was castor oil
colored with sudan black. The length of the proximal oil
block was about 100 ji, that of the distal oil column was
such that it was not moved away by the tubular pressure
head. When colloid-containing test fluids were used, care
was taken to start the time-sequence photography not more
than 2 to 3 sec after instillation of the test droplet. Tubules
were rejected when this time exceeded five sec. The micros-
copes and cameras used were either a Leitz Ultropak
system together with a Robot recorder 24 ME or a Leitz
double-headed stereomicroscope in combination with a
Nikon motor-driven camera. Pictures were taken at five sec
intervals. The photographs were analyzed by measuring
the length of the aqueous columns between the bases of the
oil menisci according to the procedure of Nakajima, Clapp
and Robinson [20] and Györy [12]. The diameter of the
droplets was assessed within the oil phase close to the
meniscal surface. The experiments and the evaluation were
not done in a double-blind fashion when it became apparent
that the effect was quite massive. In this phase, split-drop
series were only rejected when the quality of the photo-
graphs did not permit a clear evaluation of the length
change, for instance when the photographs were not well
focussed. Three test solutions were used in these experi-
ments: 1) Ringer solution consisting of 115mM NaCl,
25 mM NaHCO3, 4mM KCI and 2 m'vi CaC12; 2) Ringer
solution containing 7 g/100 ml human serum albumin (HSA;
pH 6.9)1; 3) Ringer solution containing 4 g/100 ml poly-
vinylpyrrolidone (PVP; E. Merck, AG., Darmstadt, W.
Germany) with a molecular weight of 25 to 30,000 (pH 7.5).
It is to be noted that the albumin preparation contained
sodium in an amount of 4.8 mg/g protein. This raises the
sodium concentration of the albumin containing test
solution by 14 mmoles. The slightly hypertonic solution
will probably depress net water outfiux within the first few
seconds. This does not affect the results to a great extent
since photography could only be started a few seconds after
droplet instillation.
In a separate series of experiments we compared the
reabsorptive net fluxes of identical tubular segments during
instillation of albumin-Ringer and Ringer solutions using
three single-barrelled pipettes. The downstream end of
the segment to be tested was first punctured with a pipette
containing stained castor oil. After the injected oil had
become stationary, a 4 to 5 ji tipped pipette containing the
albumin-Ringer solution was introduced, a small droplet of
the test fluid injected, the injection site sealed with oil and
time sequence photography begun. The albumin cannula
was withdrawn after the remaining volume of the test fluid
had been collected. Immediately thereafter the same tubule
was punctured with a Ringer-containing pipette and another
series of photographs taken with the test droplet being
situated at the same position. The time lapse between the
two drop reabsorptions was in the order of one to two
minutes.
An additional series of split-drop experiments was per-
formed to test the effect of a different albumin preparation
(Human serum albumin, salt poor, E. R. Squibb, New
Brunswick, N.J.)2. The sodium content of this albumin is
1 Human serum albumin was generously supplied by KABI AB,
Stockholm, Sweden.
2 This preparation was kindly furnished by Dr. G. Giebisch.
r L1
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12 mg/g protein, thus elevating the sodium concentration centrations during zero net fluid flux. Relatively long test
of the used albumin solution by 26 mmoles. These experi- solution droplets were injected into a proximal tubule,
ments were conducted in the same fashion described above splitting a previously injected oil column. The droplets
except for three details. First, the initial albumin concen- were allowed to equilibrate for at least two mm and were
tration was 5 gJlOO ml; second, two single-barrelled pipettes then recollected into an oil-filled pipette. The following test
were used instead of a double-barrelled, so that the test solutions were used: 1) isotonic saline containing 7 g/l00 ml
fluid-containing cannula could be inserted into an already serum albumin labelled with 131J (100 jiCi/mg); 2) isotonic
oil-filled segment; thus, contamination of the test fluid with saline containing 3.4 g/lOO ml PVP plus 0.2 g/100 ml 131J
tubular fluid was safely excluded; third, the evaluation was labelled serum albumin. Known volumes of the recollected
done by a person with no knowledge of which test fluid had samples were analyzed for '311-activity in a Beckman LS
been used. 250 liquid scintillation counter after dissolving them in a
From the measurement of droplet length, 1, the reabsorp- scintillation fluid consisting of 7 g butyl-PBD (Ciba,
tive net fluid flux in nl/mm2 sec, was calculated for each Switzerland), 100 ml Bio-Solv BBS 3 (Beckman, USA), and
time period from the following equation: 300 ml 99.9% ethyl alcohol added to 1000 ml of toluene
(BDH Chemicals Ltd., Poole, England). The sodium con-
(1) centration of the recollected samples was determined using
an integrating ultramicro flame photometer as described by
where r is the tubular radius (mm), t is the time interval Oberg, Ulfendahi and Wallin [21]. To avoid colloid inter-
(sec) between consecutive photographs and L1/L2 is the ference errors, the standard solutions contained either HSA
ratio of the fluid column lengths in two consecutive photo- or PVP in concentrations close to those existing in the
graphs. The derivation of this equation has been given by tubular fluid. The hydrostatic pressure within shrinking
Nakajima et al [20]. As the droplets shrink the colloid droplets of greater than normal lengths was measured
concentration rises. The mean colloid concentration in through glass pipettes connected to a Kulite pressure trans-
each five sec period can be calculated from the droplet ducer [30] and recorded on a Watanabe potentiometer
volumes in the beginning and at the end of each five sec recorder (Watanabe Instr., Japan).
period and from the initial colloid concentration according The sodium activity in solutions of different sodium
to: concentrations containing 5, 15, and 25 g/l00 ml human
C — (L1—4/3r) 2'2 I (L2—4/3 r) " '
and
C1±C2 (3)
serum albumin was determined with sodium-sasitive
microglass electrodes of the ouvette type as described by
v. Stackelberg [26]. The calculation of the theoretical sodium
concentration within the free water phase considered both
the amounts of sodium in the different sodium chloride
where C1 equals the colloid concentration in the beginning solutions and in the albumin itself. Steady state dialysis
of each period, C2 the colloid concentration at the end of experiments were performed to determine the sodium con-
each period and C the mean colloid concentration of centration of PVP-containing solutions. PYP solutions of
each five sec period, different concentrations were dialyzed in cellophane bags
In order to prevent contamination of the test fluid with against a 110 mM NaC1 solution for 12 days. The cellophane
surface fluid or tubular fuid, positive pressure was applied dialysis membranes were acetylated with acetic anhydride
to the test solution barrel. With the pipette situated in the in pyridine in order to decrease pore size and PVP leakage
oil phase above the kidney this pressure was manually [28]. The sodium concentration of the PYP solutions was
adjusted so that it resulted in visible fluid leakage. it was analyzed in triplicate by flame photometry.
kept constant during the micropuncture and released at
the moment when the oil extended to both sides of the
cannula. The possibility of intracapillary contamination Results
was tested by performing conventional split-oil-drop experi- In Table I the raw data of 14 control tubules perfused
ments with a solution containing 1311-labelled serum albu- with Ringer solution are summarized. The mean radius was
mm. After insertion of the pipette into a proximal segment 18.2 SE 0.4 t and the mean initial length 152.6 SE 14.3 i.
and injection of the oil, the pipette was withdrawn and its From the log L/L0 relationship, a mean t112 of 14.5 sec
initial contents was collected in fractions of less than 0.5 nI. sa 1.0 was obtained. Similar data are given in Tables 2
After volume determination these samples were transferred and 3 for 25 tubules perfused with albumin and 13 tubules
into counting vials and their radioactivity was counted in a perfused with PVP. Mean radii and mean initial lengths are
Packard Tri-Carb liquid scintillation counter. The scintlla- 17.1 SE 0.49 ji and 117 SE 7.0 i during albumin per-
tion fluid consisted of 7g PPO, 50mg POPOP, and 50g fusion and 17.3± SE 0.39 t and 169± SE 13.7 i in the PVP
naphthalene dissolved in 1 000 ml of dioxane. droplets. The L/L0 relationship as derived from the average
Stationary microperfusion experiments were performed length changes is depicted in Fig. I in the common semilog
to experimentally determine the colloid and sodium con- plot. It can be seen that, on the average, shrinkage of coIl-
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Table 1. Tubular radii as measured in the oil phase, changes of
fluid column length in five sec intervals, and reabsorptive half-
times of 14 tubules perfused with isotonic Ringer solution
Tubule
No.
Radius
p
Length, (p) t 1/2
secL0 L1 L2 L3 L4
1 17.5 134 98 67 46 34 10.0
2 20.0 214 152 97 67 52 9.0
3 18.0 191 168 141 115 95 20.0
4 16.8 129 93 75 62 45 13.5
5 18.8 106 79 59 46 — 12.5
6 17.5 144 109 81 68 45 12.0
7 18.2 100 81 60 42 — 12.5
8 20.3 138 115 87 76 63 17.5
9 18.0 113 102 84 59 41 17.5
10 15.8 109 84 67 53 — 14.5
11 16.0 135 105 82 62 50 13.5
12 17.3 237 193 161 120 91 15.0
13 20.3 116 84 69 53 — 13.0
14 19.9 270 252 220 170 142 22.5
Mean 18.2 152.6 14.5
0.4 14.3 1.0
Table 2. Tubular radii and changes of fluid column length in
five see intervals in 25 tubules perfused with Ringer solution
containing human serum albumin (7 g/100 ml)
Tubule
No.
Radius
p
Length, (js)
L0 L1 L2 L3 L4 L5
1 15 65 48 42 40 40 —
2 22 170 130 110 100 98 95
3 17 230 160 135 115 110 105
4 20 105 80 70 62 56 48
5 20 140 130 120 110 98 95
6 22 110 80 68 60 56 53
7 15 100 78 64 58 52 50
8 22 110 98 90 80 73 60
9 17 95 82 70 62 56 53
10 17 110 90 79 60 55 53
11 17 70 60 50 44 40 —
12 17 110 96 84 80 80 80
13 15 78 63 50 40 40 —
14 16 135 120 100 90 80 70
15 20 100 84 72 68 66 —
16 16 130 110 90 80 74 76
17 15 160 135 110 90 78 70
18 16 95 85 78 78 78 —
19 18 135 110 94 68 68 68
20 15 98 75 55 50 50 —
21 15 100 82 80 80 80 80
22 15 105 78 62 58 — —
23 15 115 103 94 88 80 80
24 15 108 94 84 60 56 50
25 16 150 140 125 95 78 70
Mean 17.1 117
0.49 7
Table 3. Tubular radii and changes of fluid column length in
five sec intervals in 13 tubules perfused with Ringer solution
containing polyvinylpyrrolidone (4 g/100 ml)
Tubule
No.
Radius
p
Length, (p)
L0 L L2 L3 L4 L5 L6
1 18.7 241 218 196 179 176 166 155
2 19.0 237 200 184 175 158 158 135
3 18.5 155 136 109 97 — — —
4 18.7 156 126 118 114 114 116 118
5 16.3 164 146 128 113 102 95 90
6 19.0 85 72.5 68 62 57.5 55 —
7 17.5 153 128 102 92 84 77 —
8 15.0 155 139 127 120 115 112 —
9 17.5 141 118 104 90 78 — —
10 16.4 142 133 125 118 110 105 101
11 15.8 212 194 181 170 161 143 134
12 16.0 113 97 90 83 79 76 74
13 16.0 241 228 200 182 164 154 150
Mean 17.3 168.8
0.39 13.7
Fig. 1. Average LJL0 ratios (± SE) jfl the logarithmic scale in
relation to time: Comparison between Ringer and colloid-containing
droplets.
oid-containing droplets occurs at a slower rate and deviates
markedly from the straight control line indicating a pro-
gressively decreasing reabsorptive rate during droplet
shrinkage. In the albumin experiments only five of 25
tubules were observed to shrink along a straight line down
to a L/LQ ratio of 0.6 to 0.5; when the later measurements
are included as well, non-linear shrinkage was seen in
23 instances. Ten of 13 PVP tubules exhibited non-linear
shrinking; two followed a straight line, and one was unclear.
Although the log L/L0 relationship in the colloid-perfused
tubules generally did not give a straight line, we have linearly
30 t (See)
Control
o HSA
. pvp
extrapolated this curve by connecting the first two to four
points. The extrapolated t112 values were 23.3 SE 1.3 sec
in the albumin-perfused tubules and 32.2 SE 2.5 sec during
PVP perfusion. The significantly higher values compared
to control (P <0.01) indicate a lower rate of fluid reab-
sorption even in the initial phase. In Fig. 2 tubular net
fluid outflux calculated from Eq. (1) is shown in relation
to time for the three different test solutions. It is evident
that the net flux of 14 Ringer-perfused tubules is fairly
constant with an average value for all five sec periods of
471 lO ni/mm2 sec± SE 22.1 (N= 52). In contrast, a
progressive decrease in net fluid flux with time was observed
when HSA or PVP was added to the Ringer solution. The
lowest flux values depicted in Fig. 2 are in the order of
100 10 ni/mm2 sec. As can be seen this value was
reached after about 20 to 25 sec of shrinkage. After longer
periods the changes of droplet length were too small to be
accuratGly measured from the photomicrographs. it is to be
noted, however, that net reabsorption as judged visually
came to a total halt after about 30 to 50 sec. In the PVP
experiments net fluid flux is significantly different from the
control flux rate in the first five sec period (P < 0.05). In
the albumin experiments no significant difference exists
in the first five sec period. The difference from control is,
however, significant in all later periods (P< 0.05 to P<0.0l).
We realize that the calculation of the flux values suffers
from the fact that the tubular radii, for reasons not imme-
diately apparent, were not clearly visible within the fluid
droplets so that they had to be assessed in the oil phase.
Until the question of the real droplet radius is solved, all
quantitative estimations must be considered with reser-
vation. On the other hand, it seems very unlikely that differ-
ences in droplet radii between Ringer and colloid-perfused
tubules could totally account for the flux differences.
In order to evaluate the possibility that tubular function
is irreversibly altered by the contact with relatively high
protein concentrations, we have studied reabsorptive fluxes
of nine tubules which were previously exposed to the albu-
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Fig. 2. Relationship between time and reabsorptive net flux during
application of the different test solutions. The vertical bars are
the standard errors of the mean. Net flux was calculated from
Eq. (1) (see Methods).
mm-Ringer solution. While fluid reabsorption was again
reduced when albumin was present (extrapolated t112 =25.1
SE 1.61 sec and mean net flux of the first five sec period
was 291 lO ni/mm2 sec + SE 25.6), reabsorptive net fluxA Control . —
o HSA of the same nine tubules during Ringer-perfusion after
• exposure to protein averaged 503 10 nI/mm2 sec
SE 0.6 see) and was not signifi-
cantly different from the mean net flux of non-exposed
tubular segments. In this experimental series there was a
significant difference in net flux between albumin and
5 10 15 20 25 Ringer perfused tubules already in the first five sec period
t, sec (P <0.01).
Reabsorptive rates of seven control and 11 albumin-
Ringer perfused tubules were studied to test the effect of a
different albumin preparation. In the control tubules
reabsorptive half-time averaged 17.3 SE 1.2 sec cones-
ponding to a mean net fluid flux of 408 10 nl/mm2 sec
SE 19, values not significantly different from the controls
of the preceding series (P <0.1). Instillation of Ringer
droplets containing albumin in a concentration of 5 g/100 ml
yielded a mean t112 of 26.0 SE 1.6 sec when the first two to
four points were extrapolated, a value which is significantly
higher than the control value (P< 0.01). In the semilog plot
shrinkage to an L/L0 relationship of 0.6 to 0.5 was linear
in six and non-linear in five cases. In later periods all curves
were noted to flatten out. In contrast to the other series, we
observed a lower net flux in the first five sec period as
compared to the second period (232 l0 nl/mm2 sec
29.8 vs. 298 lO ni/mm2 sec±sE 28.5). This may be
the consequence of a greater initial water influx due to the
higher sodium concentration of this albumin preparation.
A progressive and predictable increase in colloid con-
centration during shrinkage will occur if one assumes that
the colloids used do not leak across the tubular wall.
Accordingly, the mean colloid concentration for each five
sec period was calculated from Eq. (3) and related to net
fluid as shown in Fig. 3. The data shown in this figure are
0
400
300
200
100
E
i)z
o HSA
• Pvp
0
5 10
gil00 ml
15 20 25
Fig. 3. Relationship between net fluid flux and colloid concen-
trations. The value on the ordinate refers to the average control
flux in Ringer perfused tubules; the values on the abscissa re-
present the colloid concentrations as directly measured by
stationary microperfusions. Colloid concentrations at interme-
diate fluxes were calculated as indicated in Methods.
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Fig. 4. Relationship between net fluid flux and co/bid osmotic
pressure exerted by HSA or PVP. The equations used to convert
colloid concentrations into pressure units are given in the text.
derived only from the first series of experiments. It can be
seen that the slope of the curve is steeper in PYP-perfused
tubules. Thus, at a given colloid concentration the reduc-
tion of net flux is greater for the compound of the lower
molecular weight. In Fig. 4 the same relationship is demon-
strated after converting HSA concentrations into equivalent
pressure units. This conversion was made with the empirical
formula of Landis and Pappenheimer [15], it =2.8 c + 0.18
c2 + 0.012 c3, which is valid up to 25 g/l00 ml. In the case
of PVP, conversion was performed using the formula of
Vink [28], it= 6.7 c+ 1.31 c2+ 0.109 c3. In both cases c is
given in g/l00 ml and it in mm Fig. The PYP used by Vink
had a mean molecular weight of 27,900; concentrations up
to 20 g/100 ml were tested. The molecular weight distribu-
tion of the PVP used in our experiments was determined by
Sephadex gel filtration. The mean molecular weight was
26,700, and the mean molecular number 21,200. The per-
centage of PVP with a molecular weight of less than 9,000
was 2.5. It is evident from inspection of Fig. 4 that the
curves for albumin and PVP are virtually identical and that
net flux is related to HSA or PVP oncotic pressure in a
nonlinear fashion. However, the points of zero net flux
which were measured directly in stationary microperfusion
experiments differ to some extent.
Reaspiration of a Ringer solution with an initial HSA
concentration of 7 g/lOO ml showed that HSA concentra-
tion at zero net flux, i.e., after at least two mm of equilibra-
tion, reached a value of 26 g/lOO ml±sE 0.49 (N= 62). The
sodium concentration of the same samples was found to be
157 mmoles/kg H20 1.75 (N= 63). During equilibra-
tion with a Ringer solution initially containing 3.4 g/100 ml
PVP, a mean concentration ratio of the volume indicator
1311-labelled HSA in tracer amounts of 4.05 0.09
(N= 40) was found indicating a mean PVP concentration
of 13.8 g/l00 ml in the equi1ibrated droplets. The sodium
concentration during PVP induced zero net flux was 116
mmoles/kg H20±sE 1.34 (N= 39).
Measurements of hydrostatic pressure in shrinking saline
droplets yielded a mean pressure of 26.8 mm Hg SE 1.5
Fig. 5. Representative recording of hydrostatic pressure in a
shrinking Ringer droplet. During the "filling" period the pressure
recording cannula was inserted into the tubule, the castor oil
injected, and then split until the tip of the cannula was situated
in the Ringer droplet. "Oil passage" refers to the moment where
the proximal oil block passes the pressure recording pipette.
(N= 18). It was observed that intratubular pressure always
fell during droplet reabsorption. A representative recording
is shown in Fig. 5. The above given average represents the
minimal pressure measured shortly before complete fluid
reabsorption. Preliminary experiments indicate that intra-
tubular pressure in albumin-containing droplets is some-
what higher and more stable during volume reabsorption.
Four experiments were carried out to test the possibility
that the composition of a solution may be contaminated
within the pipette by fluid uptake from the kidney surface or
more likely from the tubular lumen. From Table 4 it can
be seen that the concentration of the radioactive tracer
131J in the test fluid barrel of a double-barrelled pipette can
Table4. Determination of 131-activity in fluid samples ejected
from a double-barrelled micropipette which had previously been
introduced into a tubular segmenta
Exp.
No.
Sample
No.
Volume
nl
Sample
cpm/nl
Standard
cpm/nl
Sample
Standard
1 1
2
3
0.39
0.33
0.31
0.25
4.2
71.0
96.0
96.0
96.0
0.003
0.04
0.74
2 1
2
3
0.16
0.36
0.35
16.0
70
95
92.0
92.0
92.0
0.17
0.76
1.03
3 1
2
3
0.19
0.3
0.29
31
59
66
68.5
68.5
68.5
0.45
0.86
0.97
4 1
2
3
0.24
0.15
0.4
1.5
11
61
68.5
68.5
68.5
0.022
0.16
0.89
a Sample No. 1 is the fluid in the pipette tip, sample No. 2 was
taken after removing about 10 nI of the pipette contents, and
sample No. 3 after a thorough flush of about 50 nI.
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Fig. 6. Comparison between calculated and measured sodium con-
centrations in the free water space of salt solutions containing
dtfferent amounts of albumin.
be reduced to zero within the first ni portion. The degree
of this contamination is variable (compare exps. Nos. 1
and 3), probably depending upon the position of the pipette
within the tubular lumen. Unchanged concentrations of the
tracer were only found after removing about 10 to 50 nI
of the pipette contents. Entrance of tubular fluid into a
pipette containing an aqueous solution is not unexpected;
it can be regularly observed during pressure measurements
when the cannula containing a colored solution is inserted
into the tubule.
To examine the possibility that albumin interacts with
sodium ions, we determined the sodium activity of salt
solutions containing different concentrations of HSA with a
sodium-sensitive glass microelectrode. The results are
summarized in Fig. 6. It can be seen that the sodium con-
centration calculated to exist in the free water space agrees
well with the measured values. Calibration of the electrode
was performed with standard NaCl solutions without addi-
tion of HSA. These results imply that the sodium activity
of a solution is not measurably altered by the presence of
albumin up to a concentration of 25 g/100 ml. The deter-
minations of sodium concentrations in PVP solutions
dialyzed against a 110 mvi NaCl solution are summarized
in Table 5. From these measurements the partial specific
volume, i.e., the water available for sodium chloride dis-
tribution, can be calculated since the NaC1 concentrations
must be equal on both sides of the membrane under steady
state conditions. This calculation is performed according to:
[Na]10= [Naifree x (1 — k [PVP]), (4)
where [Na]0 and [Na]free refer to the sodium concentrations
of the total volume and of the free water space, respectively;
k is the partial specific volume in 100 ml/g when PVP con-
centration is expressed in g/100 ml. If all water was avai-
lable to NaCI, a k value of 0.00785 could be calculated
[28]. As can be seen the measured k of 0.012±sE 0.0007
is slightly higher. This might indicate that a fraction of the
[PVP], g/100 ml [Na]tot, mi k, 100 ml/g
0 110 —
5 102 0.014
5 102 0.014
10 100 0.009
10 93 0.015
10 95 0.014
15 97 0.008
15 91 0.012
15 92 0.011
20 85 0.011
20 81 0.013
20 86 0.011
N= 11
x= 0.012
SEO.0007
a The first column gives the PVP concentrations used, the second
column shows the measured sodium concentrations, the third
the calculated partial specific volume (for details see text).
total water is not free, but probably used as hydration
water of the colloid molecules. This result implies that the
sodium concentration during PVP induced zero net flux is
underestimated by 8 mEq/liter.
Discussion
The present experiments demonstrate that proximal
tubular fluid reabsorption is strongly inhibited by the
intraluminal presence of colloids such as albumin or poly-
vinylpyrrolidone. Net fluid outflux is significantly different
from control even at relatively low colloid concentrations.
These results are partly at variance with older data obtained
with a similar technique. Kashgarian et al [14] reported a
smaller reduction of net fluid outflux upon intraluminal
application of serum protein in a concentration of about
3.5 g/lOO ml, and their estimated protein equilibrium con-
centration was twice our directly measured value. To a great
extent the difference between our results and those of
Kashgarian et al [14] can be attributed to their omission of
the meniscus correction. Assuming an initial length of 100 t
between the opposing meniscal surfaces, net fluid flux was
calculated from their t 1/2 curve and a mean radius of 15 ji;
the calculated value was similar to our own figures. Further-
more, these authors noted that reabsorption was inhibited
completely at a calculated protein concentration of about
50 g/l00 ml. Omission of the meniscus correction at an
initial length of 100 i and shrinkage to 1/8 of the original
volume causes an approximately twofold underestimation
of volume. Thus, the zero net flux protein concentration
would be almost identical to our value of 26 g/lOO ml. The
discrepancy between our results and those of Giebisch et a!
[11] is less easily explained. In their study no effect of an
intratubular application of 2.5 to 5 g/lOO ml albumin on
150
0
100
1
z
0
,/
A
,/
,
Albumin concentration
• 25g/lOOml
o 15g/lOOml
A 5g/lOOml
Table 5. Steady state dialysis of PVP solutions against a 110
mM NaC1 solution a
9/4///////// 0//A/
50 100 150
[Na]ejctrode, mEq/kg 1120
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net fluid efflux was found down to a V/V0 relationship of
0.4 to 0.3. One possible explanation might be the occurence
of considerable contamination of test fluid within the micro-
puncture pipette. According to our findings, the original
solution can be completely replaced by colloid-free tubular
fluid which would then be reinjected as test fluid. One must
realize that the volume injected as test droplet is extremely
small (about 0.1 to 0.2 nl), and that repeated measurements
in the same tubule cannot be made in this particular experi-
ment. Special care must therefore be taken to exclude this
potential artifact whenever the test fluid is different from a
pure Ringer solution. Whittembury et al [29] found in
Necturus proximal tubules that protein addition to the
perfusion fluid in a concentration which exerted a colloid
osmotic pressure 1.7 times the pressure of the Necturus
plasma proteins significantly decreased the net fluid out-
flux to about 50% of its control value (F <0.05). This
effect was, however, ascribed to a nonspecific influence of
the proteins on transepithelial water flow, possibly an
altered fluid viscosity.
Several possible mechanisms could serve as alternative
explanations for the effect of colloid on proximal tubular
fluid reabsorption. Intraluminal application of protein
could lead to a reduction of net fluid movement through
interference with the active transport mechanism. Re-
establishment of normal flux rates after the application of
colloids argues against irreversible tubular damage although
it does not exclude the possibility of quickly reversible
functional alterations. If the active transport mechanism
is located within the basal cell membrane, as most investi-
gators believe, protein-transport site interaction could only
occur after protein reabsorption and intracellular liberation
of protein or breakdown products. Since the uptake of
proteins into the cell appears to occur through the relatively
slow process of pinocytosis, it seems unlikely that the rapid
flux change observed in our experiments is the consequence
of the interference of proteins with transport sites [19]. A
further argument against inhibition of the sodium pump by
proteins is furnished by calculating the expected Donnan
distribution of sodium during zero net flux. In this situation
the active transport mechanism should be completely
inhibited, and the proximal tubular epithelium should
exhibit no sign of active sodium transport. As reported,
we found a sodium concentration after equilibration of
157 mmoles/kg H20, while sodium activity was not altered
measurably. At an albumin concentration of 26 g/lOO ml,
however, Donnan distribution of ions should result in a
sodium concentration in the order of 190 mmoles/kg H2O .
Thus, the sodium concentration measured is about 30 to
35 mrvt less than would be expected if active transport were
Donnan equilibrium sodium concentration was calculated
from a) the law of electroneutrality, and b) from the equality
of the potential of sodium chloride:
a) [Na]1— [Cl]1=0, and z[IISA]1— [ClJ+ [Na]1=0
b) [Na]1 x [Cl]= [Na]1 x [Cl]1,
totally inhibited. It is realized that measurements of the
transtubular potential must be awaited to confirm the
validity of this argument. Furthermore, blockade of a
specific receptor site in the luminal membrane seems unlikely
because of the similar effect of the quite different substance,
PVP. The maintenance of active outward sodium transport
during PVP-indueed zero net fluid flux is clearly established
by the lowering of intraluminal sodium concentration below
plasma levels. In fact, the sodium gradient is about equal
to the maximal concentration difference observed to exist
across the proximal tubular wall [13].
Several investigators have shown that the presence of
proteins seems to reduce the water flux across capillary
walls, possibly due to protein absorption within the pores
used for water transport [5, 7]. It appears unlikely that PVP
should exert an equal effect with respect to membrane
tightening. In addition, an extensive series of experiments
revealed that the osmotic water permeability measured with
both albumin and PVP as driving forces is higher than that
obtained by using small molecular weight substances
(unpublished observations), a finding difficult ro reconcile
with membrane tightening. Whittembury et al [29] explained
the reduction of net flux during intratubular application of
proteins by an effect of the increased fluid viscosity. It is
not immediately apparent as to how changes of fluid
viscosity could affect net water reabsorption. One must
assume that it would have to be the viscosity of the reab-
sorbed fluid which could conceivably lower transepithelial
water flux. However, a significant alteration of the viscosity
of the tubular reabsorbate seems unlikely in view of the
presumably low rate and the pinoeytotie mechanism of
protein reabsorption.
On the other hand, the decrease of net reabsorption
could be due to the colloid osmotic pressure exerted by
HSA and PVP. As evident from Fig. 2, flux inhibition in-
duced by identical concentrations is not equal for both
eolloids. The fact that at a given concentration the inhibi-
tory effect of the lower molecular weight substance is much
greater suggests a correlation between flux and osmotic
pressure exerted by the colloid. In fact, at a given colloid
osmotic pressure, inhibition of net fluid flux appears to be
identical and independent of the actual colloid used. The
difference in the colloid osmotic pressure at zero net flux
cannot be definitely explained. One has to bear in mind,
where i denotes interstitial and t intratubular concentration.
Solving for [Na]1 results in
z[HSA] 1/z[HSA]2
[Na]1=— 2 V +[Na]1.
Inserting [HSA]=3.8 mM, z= —17, [Na]1= 155m gives
[Na]= 191 m. The following simplifying assumptions are
made: 1) [Na]1 = [Cl]1=155 mM; 2) interstitial protein con-
centration is zero; 3) [Na]+ and [Cl] activity ratios are
identical to their concentration ratios in free water; 4) the
valence (z) of HSA is —17 and the molecular weight 69,000.
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however, that the total osmolarity after equilibration was
lower in PVP than in albumin-containing droplets. At
present, the contribution of osmotic differences of small
particles to the flux components in a colloid-induced steady
state is not easy to assess. Furthermore, the determination
of PVP pressures was performed at 25°C [28]. The tempera-
ture dependency in the higher concentration ranges would
result in a pressure reduction of 10 to 15% at 37°C. Since
the similarity of the pressure-flux curves is unlikely to be
produced by coincidence, we consider it evidence of a
direct effect of the transtubular colloid osmotic pressure
gradient on net fluid flux. This interpretation is conceptually
in agreement with Carl Ludwig's proposal [18] and its
extension by Bresler [4]. A direct osmotic effect of colloids
on net water flux could be considered an alternative explana-
tion for the finding that reabsorptive rate is modified by
peritubular hydrostatic and colloid osmotic pressure
conditions [3, 8, 16]. Such a concept makes the assumption
of rectifying properties of the proximal cell wall and geo-
metrical changes of the lateral interspaces unnecessary.
One possible explanation for the non-linearity of the
curve relating oncotic pressure and net fluid flux is the
existence of non-linear osmosis which has been predicted by
Patlak, Goldstein and Hoffman [23], and demonstrated
experimentally by Diamond in the gall bladder [6] and by
Baumann, Frömter and Ullrich [1] in the proximal tubular
epithelium. If one assumes a constant outflux of fluid due
to solute-coupled water flow and an opposed osmotic
water flow due to the presence of colloids, one would expect
this osmotic flow component to be non-linearly related to
the increasing driving force, i.e., the increasing oncotic
pressure. Thus, net flux should decrease rapidly at lower
colloid concentrations and more slowly at higher concen-
trations. A second possibility may be that water flow into
the tubular lumen occurs preferentially through a para-
cellular pathway across the tight junctions. This could lead
to a progressive reduction of intercellular space volume and
a higher resistance to flow within this shuntpath so that
the osmotic flux would rise in disproportion to the increas-
ing driving force. Such a mechanism is suggested by the
finding of Bentzel, Parsa and Hare [2] that the intercellular
spaces of Necturus proximal tubules appear to be collapsed
during volume flow into the tubule. Third, it is possible
that radial protein concentration gradients due to imperfect
stirring are generated along the reabsorbing cell boundaries.
Such an effect was predicted in a theoretical treatment by
Friedlander and Walser [9]. Using their equations and a
diffusion constant for albumin of 6.1 10 cm2/sec [22],
a concentration ratio between the center and the wall of the
tubules of 1.07 to 1.08 was calculated for a normal radial
flow velocity. Since the radial flow rate is reduced, this
value represents a maximal estimation. The colloid osmotic
effect on transtubular net flux could thus be overestimated
to the extent to which such gradients develop.
The significance of our interpretation may be questioned
because osmotic water flow was directed towards the tubu-
lar lumen, i.e., opposite to its normal flow direction.
According to the theoretical treatment of Patlak et al,
rectification of flow is to be expected in a complex series
membrane system [231. In fact, asymmetrical fluxes when
osmotic gradients of equal size were interchanged have
been observed in the frog intestine by Loeschke et al [17].
If flux asymmetry is an inherent property of the renal
proximal tubule, the importance of our findings may not be
easy to assess. However, in the experiments of Loeschke,
Bentzel and Csáky [17], water fluxes were observed to be
higher when directed from the mucosal to the serosal side.
Thus, if the proximal tubule similarly rectifies in the direc-
tion of normal net water flow, one might anticipate an even
higher colloid osmotic effect under normal conditions. On
the other hand, evidence exists that fluxes across the proxi-
mal tubular epithelium may by symmetrical similar to
those in the rabbit gall bladder [6]. Ullrich, Rumrich
and Fuchs [27] did not detect a difference of osmotic
equilibration along the tubule when hypotonic or hyper-
tonic solutions were infused into single proximal convolu-
tions. Bentzel et al [2] found hydraulic permeabilities of
Necturus proximal tubules to be about equal when water
fluxes were induced both out of and into the tubule.
Under the assumption of symmetrical osmotic flow
across the tubular epithelium we have tried to estimate the
fraction of total transepithelial net water flow which could
be attributed to the combined transtubular hydrostatic and
oncotic pressure difference. Mean hydrostatic pressure
in the split-drop situation is about 30 mm Hg. We assume
that the low interstitial hydrostatic pressure as measured
by Wunderlich et al [31] is unchanged during a split-drop
experiment and may thus be neglected for this purpose.
Interstitial oncotic pressure as measured with two inde-
pendent methods was found to be in the order of 10 to
15 mm Hg [25], so that during droplet shrinkage a combined
oncotic and hydrostatic driving pressure of 40 to 45 mm Hg
exists in the outward direction. The fraction of total net
fluid flow due to this force was estimated in Fig. 3 from
the net flux reduction when an opposite force of this magni-
tude was superimposed by the intratubular presence of
colloids exerting a pressure of 40 to 45 mm Hg. At the
point of "pressure equilibrium" flux was reduced to about
70% of its control value. From this we infer that about 30%
of fluid reabsorption from a Ringer droplet could have
been due to the existing hydrostatic and oncotic driving
force. We cannot directly extrapolate this estimation to free
flow conditions, but we may assume that because of the
lower outward driving pressure less colloid would be neces-
sary to reduce the total flow to 70% of control. Thus, we
suggest that about 30% of total transepithelial net fluid
flux is driven by osmotic and hydrostatic forces while the
remaining fraction is absorbed by other mechanisms such
as solute-coupled transport.
The present experiments show that an intraluminal
application of human serum albumin or polyvinylpyrroli-
done leads to a significant reduction of proximal net fluid
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reabsorption even at relatively low concentrations. At an
albumin concentration about four times the plasma value
no measurable net reabsorption was observed. This finding
is interpreted as a direct influence of the transtubular oncotic
pressure forces on fluid reabsorption. The main difficulty
in accepting this theory is provided by the low osmotic
water permeability of the proximal tubular epithelium as
measured from water fluxes induced by raffinose or manni-
tol application [24, 27]. Recent microperfusion experiments,
however, appear to demonstrate a significantly higher
water permeability when colloids are used as the driving
force (unpublished observations). Thus, we suggest that
normal transtubular oncotic and hydrostatic pressure differ-
ences may well be the driving force for a significant fraction
of total fluid net flux.
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